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3013 containers: 3 layers
1. Convenience container (different 

features depending on origin, some have filters 
for outgassing, ie: Hanford-Livermore)-CC. In 
contact with material.

2. Inner container (welded)-IC. In contact 
with gases generated by the material.

3. Outer container (welded)-OC.

DOE stores excess weapons plutonium in 
nested, welded stainless steel containers (3013 
Containers)

Expected lifetime of packaged 3013 containers is 50 years.
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Packaging style



DE of some 3013 container packaged with chloride-bearing PuO2 and 
moisture have shown corrosion on the convenience and inner 
containers. 

Small scale corrosion experiments suggest chlorine-containing gases 
(HCl and Cl2) may have caused the observed headspace corrosion  in 
3013 containers.

CaCl2 supports release of Cl2 and HCl
MgCl2 supports release of HCl only

Convenience Can

Inner Can Lid

Corrosion Observations at DE
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Laser confocal microscope (LCM)
Identification of pits, cracks and surface corrosion.

X-ray tomography
Identification of pits and cracks. 

Metallographic cross-sections 
Identification of pit and crack depths

All great techniques for corrosion analysis but they require small 
sections of the 3013 container which means the container has to 
be DE.  

Can we perform this level of corrosion analysis without sectioning 
the 3013 container?

Cross-section  

~820 µm

1000 µm 2000 µm

Most Common Corrosion Analysis Techniques used in 3013 containers
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Why is it important to maintain the 3013 container intact?

Being able to do corrosion analysis in the ICCWR of intact 3013 
containers allow us to study the progression of corrosion in these 
container over time. 
Benefits:
1. Monitoring  corrosion over extended period of time without 

interrupting the experiment 
2. Observing changes in corrosion rate for better understanding 

the reaction kinetics 
3. Measuring crack growth rate over time 
4. Inspection of pits and cracks at the moment of formation 

Why neutrons?

1. Higher resolution
2. Deeper penetration of material
3. Better contrast among elements with similar Z
4. Neutrons activate materials, so built-in 

infrastructure to mitigate radioactive hazards
5. Neutrons are isotope selective 5
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Cold neutron phase contrast imaging (PCI) at LANSCE: in-line propagation method 
(resolution >50 μm )

7mm

Asterix

(λ=5-15 Å) 

PCI of Pb fishing weights:
Due to the low absorption contrast, a
radiographs contain little information
(center).
Phase contrast imaging (~50μm
resolution) was used to enhance the
visibility of interfaces and interior
defects in the Pb (right).

Needs high spatial coherence, results in low flux and long count times (~24hrs)

1mm

Radiography PCI 7



Photograph of 
cracked 50x50 mm Al plate
Crack width: 150 μm

Phase contrast 
image using the 
propagation method, 
10 minutes exposure

More capabilities of neutron PCI

photos of the cracked plate between 
20 cm of Al shielding 

PCI of the plate 
inside 8 cm of Al 
shielding, 20 minutes 
exposure 

PCI of the plate inside 
20 cm of Al shielding, 
25 minutes exposure
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No shielding
8 cm Al shielding 20 cm Al shielding



U-235 0.34 g/cc 
in U-238 12.43 g/cc

U-235 0.61g/cc 
in U-238 6.91 g/cc

U-235 0.02g/cc  
in U-238 7.56 g/cc

Neutron computed tomographytomographyExamples of transmission data analysis for 
two fuel samples with different enrichment 9

More capabilities of neutron imaging: Isotope separation

UN/U3Si5 and U3Si5 fuel pellets with different 
enrichment levels

Sample data collected with a 
liquid scintillator detector. 



• 4.5 mL of 5.4 M HCl
• 2.39 g of TCCA

58%

RH

Region Imaged
with x-rays

Can we perform this level of corrosion analysis without sectioning 
the 3013 container?
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• Exposure to 
corrosive conditions 
for 109 days



400mm propagation250mm propagation

In-line propagation neutron imaging of 3013 container fragment
Transmission based neutron radiography does not detect any inhomogeneity in the fragment.
Using in-line propagation imaging, ~100-500 micron features appear at the top of the sample.
Increasing propagation distance increases contrast but decreases resolution.
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The H6284 piece of IC
was imaged at 
following conditions:

Neutron wavelengths: 
4-13 Angstroms
Source: 2mm diameter 
pinhole
Source-to-detector 
distance: 5.75 m
Camera: ATIK 490 EX CCD
Scintillator: 10x10cm, 35 
micron resolution, 
ZnS:Cu/6LiF (RCTritec)

650mm propagation



Obtain neutron PC Images of ICCWR samples and Compare 
with LCM results:
• 1/8 ICCWR exposed to HCl gas and 1/8 ICCWR exposed to 

Cl2 gas 
• ICCWR of pristine full scale container to establish baseline 

and neutrons transmission

Based on proof of concept results, neutron images of ICCWR could be collected on 
a single 3013 inner container being exposed to Cl2 gas at 50% RH:

• Baseline measurement on a pristine 3013 inner container
• ICCWR area of an intact IC exposed to HCl gas
• ICCWR area of an intact IC exposed to Cl2 gas

Further plans: Checking whether the corrosion effects continue developing under 
conditions as observed in DE 3013 (lower RH)

Cl2 H2O

Proof of Concept experiments

Experiments in situ

n0

Examination of root growth of lupin over 4 weeks as 
an example of an in situ, continuous experiments
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Achievements: whole piece of the sample imaged; corrosion features identified also sub-surface



Concluding remarks

1. Goal for Non-Destructive Analysis: Ability to study crack growth over time and evaluate impact of 

various parameters on crack growth

2. Potential of Neutron Imaging for corrosion analysis of 3013 containers

3. Neutron source available

4. No reports of in situ corrosion monitoring inside objects

5. DOE and NNSA mission relevance: defining safety envelope of storage of the plutonium oxide 

inventory that contains chloride salts

6. Challenges: new technique under development, relying on the accelerator cycle (6 months not 

operating)
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